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CIRCUMSTELLAR CHEMISTRY

Alfred E. Glassgold and Patrick J. Huggins

INTRODUCTION

The definitive detection of circumstellar

(CS) material around a cool evolved star was

made by Deutsch (1956) for a Her, although

the possibility had been discussed as long as 50

years ago. Weymann was one of the first to

make physical models of extended envelopes,

and in an early review, (Weymann, 1963) wrote

"... the pages expended in reviewing the sub-

ject (of mass loss).., probably exceed the num-

ber of pages of material being reviewed." The

situation has since changed dramatically as the

result of new observing techniques, particular-

ly in the infrared (IR) and millimeter wave

bands. Some of the important early milestones

were the observation of IR emission from CS

dust, the detection of the 10-micron silicate

feature (Woolf and Ney, 1969), the detection

of microwave molecular emission from IRC +

10216 (Solomon et al., 1971), and the detection

of IR molecular absorption lines (Geballe et al.,

1972). These and many other new developments

have been followed up by numerous detailed

investigations, which have been reviewed pre-

viously by Zuckerman (1980).

The observational information available on

a few of the closest CS envelopes is now ap-

proaching the stage at which some detailed con-

clusions on their physical and chemical proper-

ties can be obtained. A prime example is the

carbon star, IRC + 10216, for which we have

extensive data on the spatial and spectral prop-

erties of the dust and observations of over 20

molecules (not counting isotopically substituted

species). The CS gas around the M supergiant,

a Ori, has also been well studied; in this case,

optical observations of atoms and atomic ions

play an important role. Better data on more ob-

jects will become available as sensitive high-

resolution observational techniques are

developed.

The data on numerous atomic and molecu-

lar species make it possible to investigate the
chemical nature of CS shells. Because this is a

new area of research, this review must necessar-

ily be fairly qualitative. One long-range goal of

the study of CS chemistry is to obtain a suffi-

ciently quantitative description of the constitu-

ents so that deductions can be made about the

history of the wind material (e.g., the forma-

tion of dust) and the tangled problems of stellar

evolution and mass loss. The relatively well-

ordered gas in the outer parts of the CS enve-

lopes also offers opportunities to understand

a number of basic physical and chemical
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processes which have applications to the study

of interstellar clouds.

After a brief introduction on the physical

properties of CS envelopes (see the section

General Physical Considerations), the bulk of

this chapter is divided between a summary of

the observations (see the section Observations)

and a discussion of theoretical considerations

concerning the chemistry (see the section Chem-

istry). We conclude with a short summary (see

the section Conclusions). The literature cited

is mainly to articles published before 1984, al-

though references to the major journals for

much of 1984 have been included.

GENERAL PHYSICAL CONSIDERATIONS

This section primarily concerns the massive

expanding CS envelopes around the cooler M

giants and supergiants, S stars, and the cooler
carbon stars. Observational evidence on the

physical properties of the envelopes comes from

several main lines of investigation: strong con-

tinuum emission in the infrared, accompanied

by spectral signatures of dust; optical absorp-

tion lines of low ionization potential atoms and

ions; near-infrared absorption lines of mole-

cules; and microwave molecular emission lines.

Details can be found in the review by Zucker-

man (1980); observations relevant to chemistry

are summarized in the section Observations.

Certain basic dynamical and structural facts

emerge from the observational data:

1. The terminal wind speeds are small with

respect to stellar escape velocities and are

typically of the order of 10 km s-1.

2. The CS envelopes are large with respect to

stellar sizes, ranging up to 1 x 1018 cm

with corresponding ages up to 2 x 104

yr.

3. The mass-loss rates are large, in the range

10 -7 tO 10 -4 M o yr -1.

Of course, other detailed dynamical proper-

ties are of interest, such as the time dependence

of the mass loss (e.g., mass loss may be epi-
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sodic) and the detailed spatial variation of the

wind density and velocity (e.g., angular as well

as radial variations, clumpiness, and shocks).

Little is known at present about these issues,

but the basic framework given above should be

a sufficient starting point for a discussion of

the chemistry.

For purposes of simplicity, the winds are of-

ten assumed to be spherically symmetric, as well

as steady. There are many envelopes which con-

form to this assumption, at least to first order,

and many that do not; only passing reference

is made to the latter cases. For the spherically

symmetric case, the spatial profile of the mean

density of hydrogen nuclei is:

C (6-1)
n(r) = "-fi"(V/o(r)) ,

-5
C = 3 X 1037 _ cm -1 (6-2)

V6

where V is the terminal value for the velocity

profile o(r), and _r5 and V 6 measure the mass-

loss rate and velocity in units of 10 -5 M o yr -1
and 10 km s-1, respectively. In a typical case,

the outer envelope extends from - 1015 to 1017

or 1018 cm; the corresponding density range is

- 106 to 102 or 102 cm -3, roughly the range en-

countered in interstellar clouds. The tempera-

ture profile can also be important for chemical

considerations, but little observational informa-

tion is available on the gas kinetic temperature.

Theoretical considerations (heating in gas/dust

collisions and cooling by line radiation (Gold-

reich and Scoville, 1976; Kwan and Hill, 1977;

Slavsky and Scalo, 1984)) suggest that the gas

kinetic temperature in the outer envelope varies

more slowly than the mass density. That is,

T(r) _ fm , (6-3)

with m =- 0.7. A typical temperature at 1016

cm might be of the order of 100 K. Closer to the



starthetemperaturemayincreasemorerapidly
thanisimpliedbyEquation(6-3),especiallyif
thereisa chromosphere.

Thetemperatureanddensitydistributions
describedaboveimplythatdifferenttypesof
chemistrymaydominateindifferentpartsof
theenvelopes.Beginningjustabovethephoto-
sphere,wemayexpectto find theconditions
for themalequilibriumto besatisfied.Asma-
terialmovesoutintocoolerandmorerarefied
regions,individualspecieswill freezeoutwhen
theratiosofappropriatereactionto dynamical
timescalesexceedunity.Eventually,photo-
chemistryinducedbythepenetrationof galac-
tic UVradiationwill dissociateanymolecules
andionizetheheavyatoms.Thisqualitative
picturebecomesmorecomplicatedinthepres-
enceof activeregionsassociatedwithachro-
mosphereor withshocks.

Theseconsiderationssuggestthatthevaria-
tion in thephysicalconditionsis enormous
whenweconsiderthechemicalevolutionofthe
windasit travelsfromthestellarsurfaceout
intotheinterstellarmedium.Furthermore,the
formationof dustin theinnerenvelopeis inti-
matelyconnectedwiththethermal,dynamical,
andchemicalevolutionof thewind.Notonly
dospacelimitationsprecludethepresentation
of suchageneraldiscussionof CSchemistry,
but, in fact, little researchhasthusfar been
donealongtheselines.Mostof thedifficult
questionsabouttheoriginandthephysicaland
chemicalpropertiesof theenvelopesremain
unanswered.

Inviewof thedevelopingnatureof thissub-
ject, wehavechosento emphasizetheouter
partsof theshells(r > 1015 cm) because these

appear to be the most accessible to quantitative

study at this time. This approach avoids such

difficult theoretical questions as the develop-

ment of the wind and the formation of the dust,

but it takes advantage of the main body of cur-

rently available observational data. Thus, we

emphasize the gas-phase chemistry of the

atoms, ions, and molecules outside the region

of dust formation. In order to lay the founda-

tions for this study of circumstellar chemistry,

we begin by reviewing the observations.

OBSERVATIONS

This section reviews the observations of CS

envelopes which are relevant to a discussion of

the chemistry. Many of the observations ad-

dress more directly other related issues, such as

mass loss and dust (see, for example, Zucker-

man, 1980; and Goldberg and Lef_vre, this vol-

ume), but the concern here is primarily with the

gas-phase chemistry. As will become clear, few

of the observations directly confront current

theoretical ideas, but many more contribute to

the development of an overall picture of the

physical and chemical properties of the shells.

We discuss in turn, hydrogen, the heavy mole-

cules observed in the IR and radiowave bands,

and the atoms and ions observed in the optical.

Finally, we summarize some other observations

which also have a bearing on the chemistry.

Hydrogen

Although hydrogen is the most abundant

element in most stars, it has not yet been ob-

served in atomic (HI) or molecular (HE) form

in the extended CS envelopes of cool stars.

However, both forms are seen in more evolved

objects (see below). Of course, HI is observed

in absorption and emission from photospheric

and chromospheric regions, but three recent
searches for the 21-cm line have failed to reveal

HI in the extended envelopes. The searches

have been made by Zuckerman et al. (1980),

Knapp and Bowers (1983), and Clegg et al.

(1983b) using the Arecibo 305-m telescope, the

VLA, and the WSRT, respectively. Together,

they have surveyed a variety of objects, includ-

ing M giants and supergiants, C stars, and pro-

toplanetary and planetary nebulae. The Are-

cibo beamsize (3.2 ') is comparable to the

largest known CS envelope (that of IRC +

10216), whereas the two smaller interferometer

beams ( - 15 ") could, in principle, spatially re-

solve a number of the envelopes observed.
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Interpretationoftheobserved upper limits on

the 21-cm lines in terms of limits on the HI con-

tent of the envelopes is relatively straightfor-

ward, apart from the contamination effects of

background galactic HI emission and uncer-

tainties in the total masses of the envelopes.

Two results from these surveys deserve spe-

cial mention. The first is for IRC + 10216,

where < 1 percent (or less) of the envelope mass

is in the form of HI (Zuckerman et al., 1980;

Knapp and Bowers, 1983); the exact limit de-

pends on the adopted total mass of the envelope

and the level of significance of the flux limit

used. In any event, the absence of HI means

that the bulk of the hydrogen must be in molec-

ular form. This result is, perhaps, not too sur-

prising in view of the obvious strong associa-

tion into molecules evident for other species.

However, the limit begins to approach values

of interest in connection both with the processes

which associate hydrogen molecules in the inner

envelope and with photodestruction of H E by

the ambient galactic UV radiation field. (See

the section Photochemistry.)

The second limit of particular interest is that

for et Ori. Knapp and Bowers (1983) give a 53

upper limit of A;/(HI) < 5 x 10 -6 M o yr -l,

which is essentially the same as that given by

Clegg et al. (1983b). This value is comparable

to many estimates of the total mass-loss rate

for the star and is somewhat less than that given

by the model of the envelope by Jura and Mor-

ris (1981). For an early M supergiant like ot Ori,

hydrogen is not expected to be strongly associ-

ated into molecules, at least on the basis of the

simplest picture of the chemistry. The limits

here are then tantalizingly close to confronting

the simplest ideas on the HI/H 2 problem.

Needless to say, the detection of HI in cool CS

envelopes would be a significant contribution

to the study of the chemistry.

For completeness, note that the planetary

nebulae included in the above surveys also

failed to yield detectable HI (see also, Pottasch

et al., 1982). Recently, however, Rodriguez and

Moran (1983) reported the detection of 21-cm

absorption toward NGC 6302 using the VLA.
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The absorption is probably associated with the

nebula, and they interpret it as arising from the

neutral outer part of an expanding ring whose

inner part is ionized and produces the thermal

continuum. The mass in HI is -0.06 M o .

Although hydrogen must be predominantly

in the form of H 2 in the CS envelopes of the
coolest stars, it is not observable under normal

circumstances. However, IR quadrupole lines

of H 2 are seen in absorption in the atmo-
spheres of certain S and carbon Miras, but in

other stars, they have generally proved to be

much weaker than expected (Tsuji, 1983; John-

son et al., 1983). This possibly indicates that

the theoretical atmospheric structures of cool

stars are still not well determined or that effects

such as chromospheric heating destroy the H 2

in the line-forming regions.

However, the presence of H 2 in CS enve-

lopes can be seen in objects whose central stars

have evolved from the cool giant phase. H 2
quadrupole lines in emission have been detected

in planetaries and protoplanetaries such as CRL

2688, CRL 618, and NGC 7027 (e.g., Treffers

et al., 1976; Beckwith et al., 1978), which still

retain many of the CS characteristics of cool

stars. Although other interpretations are possi-

ble (Black, 1983), the emission appears to be

shock-excited and acts as a useful diagnostic of

the processes which ionize and dissipate the

neutral shell as the central star evolves. The hy-

drogen molecular ion, H2 ÷, may also have

been detected in some planetary nebulae by

characteristic continuum absorption in the UV

shortward of -1500 /_ (Heap and Stecher,

1981; Feibelman et al., 1981). However, this

identification does not appear to be firmly es-

tablished (see the discussion following Black,

1983).

Heavy Molecules

The detection of numerous heavy molecules

in the CS envelopes of cool stars has been of

major significance in understanding processes

which occur during the later stages of stellar

evolution. The observations yield a variety of



information on the envelope kinematics and

mass loss and provide evidence of a rich chem-

istry. The molecules are detected at radio

(mainly millimeter) wavebands in emission and

in the IR in absorption. The two techniques are

complementary. The IR observations measure

vibration-rotation absorption along the line of

sight to the continuum-forming regions,

whereas the radio measurements sample lower

energy (mainly rotational) transitions from the

extended envelopes, although the emission is

normally not spatially resolved with single an-

tennas. Some symmetric molecules, which pos-

sess no permanent dipole moment and thus no

rotational spectrum, can be readily detected in

the IR.

The C/O ratio dominates the heavy mole-

cule chemistry in stellar photospheres, and this

also appears to be true for the CS envelopes.

Therefore, the envelopes of C stars and M and

S stars will be discussed separately below.

IRC + 10216. Because of its proximity and the

richness of its spectrum, IRC + 10216 is by far

the most extensively observed CS envelope, and

it serves as the prototype for the study of

carbon-rich systems. The molecules identified

in the envelope are listed in Table 6-1. Most of

them have been observed only in the radio, four

only in the IR, and three in both. Because most

species have been observed in several transitions

and/or in isotropically substituted forms, the

actual number of lines identified is quite large.

There remain several unidentified lines scat-

tered in the literature and a number of upper

limits, some of significance. Notably absent are

common oxygen-bearing species (e.g., Johans-

son et al., 1984), except for CO and trace

Table 6-1

Molecules in IRC + 10216*

n(x)/n(CO) Species References t

10 -1

10 -2

10 -3

10 -4

10 -5

C2H 2 1

HCN -- -- -- 1,2,6

CN 3

NH 3 -- -- C4H 4,5; 6,7

C2H 4 CS HC5N C2H 8; 9,6; 10,6; 3,6

CH 4 SiS HC3N C3N 1,11; 12,9,16; 13,9,6; 6

-- SiC2 HC7N -- 17;10

HNC SiO HCllN C3H 6; 9,6; 14; 18,19

-- Sill 4 -- -- 1 5

CH3CN 6

* For comparison, the reactive radicals, the cyanopolyyne chains, and the S- and Si-bearing molecules are listed separately

from the remaining species.

t References: 1. Hall and Ridgway (1978), 2. Kwan and Hill (1977), 3. Huggins et al. (1984b), 4. Betz et al. (1979),

5. Kwok et al. (1981), 6. Johansson et al. (1984) (see also Olofsson et al. (1982a), 7. Guelin et al. (1978),

8. Betz (1981), 9. Morris (1975), 10. Winnewisser and Walmsley (1978), 11. Clegg et al. (1982), 12. Henkel et al.

(1983), 13. Carlson et al. (1984), 14. Bell et al. (1982), 15. Goldhaber and Betz (1984), 16. Sahai et al. (1984),

17. Thaddeus et ah (1984), 18. Johansson et al. (1984), 19. Thaddeus et al. (1985).
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amountsof SiO.Thisisnottoosurprisingin
viewof thecarbon-richenvironment.Alsoab-
sentarethemolecularionslike HCO÷ and
N2H÷(e.g.,WannierandLinke,1978),which
are readilyobservablein molecularclouds
wheretheirpresenceis usuallyinterpretedas
evidencefor a chemistrydominatedby ion-
moleculereactions.

Theinterpretationof observedlines,or in-
deedupperlimits,in termsof abundancesin
theenvelopeis notstraightforward.Because
boththeradioandIRmeasurementsintegrate
overregionswhicharephysically,andpossibly
chemically,inhomogeneous,theresultsmustbe
treatedwithsomecaution.

TheIR linemeasurementsaregenerallyin-
terpretedwith simplecolumndensityargu-
ments,usingassumedor measuredexcitation
temperaturesto determinepartitionfunctions.
In somecases,columndensityestimatesmay
begoodto afactorof 3,butareoftenlessac-
curate.Forexample,thecolumndensitiesof
C2H2(Rinslandet al., 1982)andCH 4 (Clegg
et al., 1982) have recently been revised down

by factors of 10 from earlier determinations.

The high spectral resolution now attainable

with IR instrumentation (Fourier transform

spectroscopy and heterodyne techniques) offers

opportunities for investigating in detail the ki-

nematics and excitation of molecules in the in-

ner envelope (e.g., Ridgway and Hall, 1980;

Betz et al., 1979), but detailed models of this

region have not yet been constructed. The pos-

sibility of obtaining spatial information from

the IR lines has recently been demonstrated

(Dyck et al., 1983; Wannier and Sahai, 1983)

and will be important for future development.

In contrast to the situation in the IR, fairly

complete modeling has been carried out for

some species observed in emission in the radio.

Kwan and Hill (1977; see also Kwan and Linke,

1982) have shown that the CO rotational levels

in IRC + 10216 are primarily excited by col-

lisions; the CO emission is therefore coupled

to the gas kinetic temperature. They have de-

veloped a thermal model for the gas (including

heating by gas/grain collisions and molecular

line cooling) and have computed the CO emis-
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sivity, convolved with the appropriate beams,

for comparison with the observations. They

deduce a mass-loss rate for IRC + 10216 of

4 x 10 -5 M o yr -l (if its distance is 200 pc)

and a CO/H 2 abundance ratio of 6 × 10-4.

Two aspects of the observations are not com-

pletely dealt with in this model: the asymmetry

seen in the lines (see, for example, Olofsson et

al., 1982a), which may be an effect of radiative

transfer or geometry, and the great extent of

the CO emission (see Kwan and Linke, 1982).

However, neither of these is likely to have much

effect on the inferred mass-loss rate or CO

abundance.

In the same spirit, Morris (1975) analyzed

the emission of high dipole moment molecules

in IRC + 10216 and found that their rotational

levels are primarily populated by the absorption

of IR radiation, followed by rapid decay to dif-

ferent rotational levels of the ground vibra-

tional state. The excitation of these species is

therefore coupled to the IR continuum by the

absorption-line strengths of the exciting tran-

sitions. This kind of model has now been used

to analyze a number of species in IRC + 10216:

SiS, SiO, CS, HC3N, CN, C2H, and HCN

(Morris, 1975; Kwan and Hill, 1977; Henkel et

al., 1983; Huggins et al., 1984b; Carlson et al.,

1985; Sahai et al., 1984; Nguyen-Q-Rieu et al.,

1984a). For some of these species, as well as

many others not yet analyzed, the IR absorp-

tion-line strengths are not (or are poorly)

known; however, these are not usually crucial

parameters in the analysis. Further complica-

tions arise if the molecule has a complex hyper-

fine structure or if the IR lines are optically

thick, but in the best cases, the resulting abun-

dances may be good to a factor of 3. Several

other abundance estimates appear in the liter-

ature and are based on simplifying assumptions

(e.g., beam-averaged column densities or an ar-

bitrarily assumed constant excitation tempera-

ture). These should be treated with some

caution.

Several tables of abundances for the enve-

lope of IRC + 10216 have been compiled. The

early one of McCabe et al. (1979) is not now to

be recommended. That of Lafont et al. (1982)



attempts to interpret quoted abundances from

a number of different studies in a uniform way.

The list of Johansson et al. (1984; see also

Olofsson et al., 1982a) is restricted to those

species found in the Onsala line survey of IRC

÷ 10216 (which forms an excellent homogene-

ous data set), but is partially vitiated by the as-

sumption of constant excitation temperatures

in the line-forming regions. The abundances

quoted for some species differ by a factor of

10 in the last two tables mentioned.

Table 6-1 indicates the approximate abun-

dances of the species observed in IRC + 10216

relative to the CO abundance. The abundances

are purposefully given only in decades (with

rough ordering within each) so that the reader

will not be misled. For the IR data, we use the

ratios of column densities, as did Lafont et al.

(1982), but with updated values. For the radio-

line data, we use the results of model analyses,

when available, augmented by other estimates,

suitably scaled, where necessary. The references

give the most recent analyses and/or primary

references from which the earlier results can be

found. If more accurate abundance ratios for

particular species are required (and are war-

ranted), they can be constructed from the refer-

ences cited. Implicit in all of the foregoing dis-

cussion is the chemical homogeneity of the en-

velope, which may not be satisfied (see below).

The molecular line observations of IRC +

10216 (and other CS envelopes) are, of course,
excellent sources for the determination of iso-

topic abundances. However, although the ob-

served isotopic ratios are important for under-

standing nucleosynthesis and envelope mixing

processes, they are only indirectly linked to a

study of the chemistry of the envelope. There-

fore, this subject lies beyond the scope of this

chapter, and we refer the reader to the fairly

recent reviews by Wannier (1980) and Zucker-

man (1980) for further information on this as-

pect of the observations.

The implications of the observed abun-

dances in IRC + 10216 are discussed in the sec-

tion Chemistry. For convenience, some of the

main points relevant to the chemistry are listed

and commented on:

. The oxygen (i.e., CO) abundance in the

gas phase is not very different (a factor

-3) from solar.

. In comparison with galactic molecular

clouds, HCN is strongly enhanced, by a

factor 100 to 1000 if the cloud analyses

of Wootten et al. (1978) are used.

. The absence of molecular ions and O-

bearing species (other than CO and SiO)

has already been discussed. However, Jo-

hansson et al. (1984) have pointed out

that the limits on their abundances are

not significantly smaller than their

observed levels in molecular clouds.

However, these species are highly under-

abundant compared to HCN.

. The very low value of the isomeric ratio

HNC/HCN (= 4 × 10 -3, Johansson et

al., 1984) compared to that in molecular

clouds has been interpreted (e.g.,

McCabe et al., 1979; Zuckerman, 1980)

as evidence for a simple freeze-out model

for these species. Note that because this

ratio varies widely in molecular clouds

and values as low as 1.5 × 10 -2 have

been observed (Goldsmith et al., 1981),

the argument may not be overly com-

pelling.

. If the observed Si- and S-bearing species

are their major carriers in the gas phase,

then, assuming solar abundances, these

elements must be highly depleted (>95

percent) into grains. The depletion of
other metals is unclear because the lines

of their expected major carriers are gener-

ally inaccessible. Clegg and Wootten

(1980) have searched for AICI, and find

it to be at least 20 times less abundant

than would be expected on the basis of
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completeassociationand solarabun-
dances.C1itself,however,is alsonot
presentin thepossiblealternateformof
HCI(Cleggetal., 1982),andit toomay
behiddenin grainsor in morecomplex
molecules.

. After CO, C2H2, and HCN, the highly

reactive radicals CN, C2H , C3N, C4H ,

and possibly C3H, are as abundant as
most of the other molecules observed.

Their presence argues strongly against a

simple freeze-out process in the inner

envelope as the source of their produc-

tion (Lafont et al., 1982), as discussed in

the section Chemistry.

. The significance of the preponderance of

linear-chain polyatomics observed in the

envelope is not clear. The low abundance

of methyl cyanide (CH3CN) and the

limits on vinyl cyanide (CHECHCN) and

ethyl cyanide (CH3CHECN) are not par-

ticularly stringent when compared to ga-

lactic clouds like TMC-1 (cf. Johansson

et al., 1984), but they are deficient rela-
tive to HCN. The falloff in abundance

of the cyanopolyynes with increasing

chain length is quite weak: the presence

of very large molecules in considerable

abundance cannot be ruled out.

We conclude our discussion of IRC + 10216

with a review of the sparse observational data

on the spatial extent of the molecules in the en-

velope. At 100 GHz, the emitting regions of

most species are barely resolved with the largest

single dishes, so that the information available

is very limited. Line profiles provide some in-

formation on the extent of the emission, and

Olofsson et al. (1982a) have mapped a number

of lines to yield characteristic sizes for the emis-

sion (e.g., SiO _< 20" and HCN --_ 40",

FWHM). These sizes are probably determined

mainly by excitation and optical depth effects

and do not readily suggest evidence of spatially
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varying abundances. On the other hand, at

higher frequencies and increased resolution

(- 30'9, Wootten et al. (1982) have mapped CN

in the (2-1) lines and show that it is more ex-

tended than HCN, suggesting a possible spatial

variation in abundances. Their limit on the ab-

sorption column density of CN in the IR is con-

sistent with this, and their data have been

shown by Huggins et al. (1984b) to be consis-

tent with a photochemical model in which CN

is photoproduced by ambient UV photons from

HCN in the outer unshielded envelope. If this

proves to be correct, then tables of abundances

(e.g., Table 6-2) made assuming constant abun-

dances in the envelope obviously have little

meaning.

The CO emission in IRC + 10216 is observ-

able over a much more extended region than

other species. Wannier et al. (1979) have shown

that the emission is roughly circularly sym-

metric on a scale of - 1 '; on a much smaller

scale in the optical and near IR, it is not. Knapp

et al. (1982) have shown that the emission ex-

tends out to a radius of at least 3 ', which cor-

responds to a physical radius -0.25 pc for an

assumed distance of 290 pc. Since photode-

struction must limit the size of molecular shells

(e.g., Jura and Morris, 1981; Huggins and

Glassgold, 1982a; Lafont et al., 1982), the large

extent of the CO emission region yields useful

information on this process. Unfortunately, the

photodestruction rate and dissociating transi-

tions for CO are poorly known (cf. Glassgold

et al., 1985), but Morris and Jura (1983a) have

shown that the large map size is consistent with

CO line self-shielding.

Finally, note that the new development of

interferometry at millimeter wavebands will be

useful for more detailed studies of the envelope.

A first interferometer map in HCN has been

made by Welch et al. (1981) at a resolution of

-9". The emission is well resolved and circu-

larly symmetric. Jura (1983a) has argued that

the limited extent of the emission implies sig-

nificant photodestruction of HCN outside a ra-

dius of 30" (1017 cm), which is consistent with

the photoproduction model for CN mentioned



above.Similarmapsof otherspecies,particu-
larlytheradicals,will obviouslybeimportant
inrefiningourpictureoftheenvelopeoverthe
nextfewyears.

Other Carbon Stars. In contrast to the fairly

extensive observational data on the envelope of

IRC + 10216, the available data on other

carbon-rich envelopes is very limited. Their

lines are generally much weaker because they

are farther away and/or have less massive en-

velopes, so that most of the data are of low

signal-to-noise (S/N) ratio. The observations

consist of detections of CO in a fair number

of objects, and detections of a few other mole-

cules in a handful of objects. Because of the

scarcity of data, we are not yet in a good posi-

tion to evaluate from the observational point

of view how the chemistry of the envelopes de-

pends on parameters such as mass-loss rate,

spectral type, or dust content.

Surveys in the CO (I-0) and (2-1) lines (e.g.,

Zuckerman et al., 1978; Knapp et al., 1982;

Knapp and Morris, 1985) have detected CO

emission in about 50 cool CS envelopes, and

about half of these are carbon stars. Thus, car-

bon stars are strongly represented, but the sig-

nificance of this has not yet been fully evalu-

ated. Notable among the objects detected are

the protoplanetary AFGL 2688 (Lo and Bechis,

1976; Zuckerman et al., 1976) and the planetary

NGC 7027 (Mufson et al., 1975), whose cen-

tral stars have presumably evolved from late-

type carbon stars. In any event, their envelopes

appear to be carbon rich (Zuckerman et al.,

1976; Zuckerman, 1982). According to Knapp

et al. (1982), the CO lines in many objects are

optically thick and are therefore rather insen-

sitive to the CO abundance in the envelope.

13CO lines have also been detected in several

objects (e.g., Knapp and Chang, 1985), but

they tell us more about the nuclear history of

the material than its chemistry.

We give two examples of those objects

which have been observed in lines other than

CO. In CIT 6, HCN, HC3N, CN, SiS, C3N,
and CS have been detected (Wilson et al., 1973;

Jewell and Snyder, 1982, 1984; Allen and

Knapp, 1978; Henkel et al., 1985; Sahai et al.,

1984), and in AFGL 2688, HCN, NH 3, HC3N,

HC7N, SiS, CS, and C2H have been detected

(Zuckerman et al., 1976; Huggins et al., 1984a;

Sahai et al., 1984; Nguyen-Q-Rieu et al.,

1984b). CIT 6 (IRC + 30219) is a late-type car-

bon star with a mass-loss rate smaller than that

of IRC + 10216 by a factor - 30 (Morris, 1980;

Knapp et al., 1982). AFGL 2688, on the other

hand, is an F supergiant with a mass-loss rate

comparable to that of IRC + 10216 (Morris,

1980; Knapp et al., 1982). Because lower limits

on the 12C/13C ratio in these objects are -20,

they may not be very different from that in IRC

+ 10216, where 12C/13C -35. Henkel et al.

(1985) have analyzed their line observations of

CIT 6 and find no significant abundance dif-

ferences ( < a factor of 5) between it and IRC

+ 10216. Although AFGL 2688 has not been

analyzed, the intensities of its molecular lines,

relative to CO, are not very different from

those in IRC + 10216. For these two objects,

therefore, we have no strong evidence for a dif-

ferent chemistry. Recently, however, Beichman

et al. (1983) have tentatively detected neutral

atomic carbon at 610 #m in emission in AFGL

2688, but not in CIT 6 or IRC + 10216. Their

observations suggest that AFGL 2688 is very

carbon rich, although the effect on the envelope

chemistry of the early spectral type of the

central star has not been investigated in detail.

Obviously, many more sensitive observations

of carbon stars, other than IRC ÷ 10216, are

needed to clarify the general characteristics of

the chemistry of their envelopes as a group.

M and S Stars. The list of heavy molecules

detected in the expanding CS envelopes of M

and S stars is limited to OH, H20, SiO, CO,

H2S, HCN, and NHy There is no equivalent
to IRC + 10216, showing a rich oxygen-

dominated chemistry. The overall picture of the

chemistry in these envelopes is therefore very

incomplete.

The most extensive observations have, of

course, been made in the masing transitions of

OH, H20, and SiO. Many of these data have

been tabulated by Engels (1979), and interpreta-
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tionsof the masing lines in circumstellar enve-

lopes have been reviewed by Goldreich (1980)

and Eliztur (1982). As yet, these observations

appear to reveal little about chemical processes

as such, other than that these species are pres-

ent at sufficient column densities to produce the

maser gain. Further general comment, there-

fore, is beyond the scope of this review. How-

ever, we note that the Type II OH masers may

be fairly directly linked to the chemistry of the

outer envelopes. Both mapping (e.g., Bowers

et al., 1983) and phase-lag measurements (e.g.,

Herman and Habing, 1981) show that the

maser emission arises in a shell of radius

- 1016 to 1017 cm. Inside this shell in optically

opaque envelopes, OH is expected to be rapidly

converted to H20 by reactions with H 2, so that
the presence of the OH emission requires a

source of production for the radical, as dis-

cussed by Goldreich and Scoville (1976). One

possibility which they suggest is the photode-

struction of H20 by ambient galactic UV

photons, and further studies of this effect have

been made by Deguchi (1982) and Huggins and

Glassgold (1982b). The calculated sizes of the

photoproduced OH shells are consistent with

the observations, but they do not rule out the

possibility that the OH is primarily produced

by other processes.

In addition to the masers, "thermal" milli-

meter emission from SiO and CO has been sur-

veyed in a number of stars (e.g., Morris et al.,

1979; Zuckerman et al., 1977, 1978; Knapp et

al., 1982; Knapp and Morris, 1985). HCN emis-

sion has been detected in only two S stars

(Olofsson et al., 1982b), and H2S in only

OH 231.8 + 4.2 (Ukita and Morris, 1983). CO

and NH 3 have been observed in a handful of

stars in absorption in the IR (Bernat et al.,

1979; Bernat, 1981; McLaren and Betz, 1980),

and low temperature (600 K) SiO absorption

has been observed in VY CMa (Geballe et al.,

1979). OH and H20 have been detected in the

IR in R Leo (Hinkle and Barnes, 1979), al-

though these appear to be kinematically associ-

ated with the upper photosphere, or inner shell,

rather than with the extended envelope. One
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important result from the IR CO measurements

is the existence of multiple velocity compo-

nents, which may indicate that the mass loss is

episodic (Bernat, 1981).

Specific inferences on the chemistry, based

on the observations, are few. Zuckerman (1980)

notes that millimeter SiS emission is not de-

tected, implying SiS/SiO < 1, as might be ex-

pected on the basis of simple thermodynamic

freeze-out in an oxygen-rich environment. Mor-

ris et al. (1979) note that, relative to CO, the

thermal SiO emission is more readily observable

in M and S stars than in C stars. (SiO is not

detected in C stars except for IRC + 10216.)

They interpret this as an abundance effect,

which again is consistent with simple ideas on

the different (O or C dominated) chemistries

involved. However, when the SiO emission-line

data are interpreted with the radiative-transfer

models of Morris and Alcock (1979), Si is

found to be heavily depleted ( - 99 percent) into

grains in the regions sampled by the observa-

tions. As Zuckerman (1980) points out, this is

unlikely to be the case in the inner regions

where the SiO masers are produced, so that the

bulk of the Si is condensed into grains between

r --_ 1014 and 1016 cm, which is at least consis-

tent with the overall picture determined from

observations of the dust.

Finally, note that the CO (2-1) observations

(Knapp et al., 1980) and the KI scattering data

(see below) of _ Ori have been modeled in some

detail by Jura and Morris (1981). They find that

the small size of the CO-emitting region re-

quires that CO is photodissociated at a rela-

tively high rate between 1016 and 1017 cm from

the star. They also find that CO is underabun-

dant by a factor -25, relative to solar abun-

dances fully associated, and they suggest that

C is deficient by this factor in t_ Ori. On the

other hand, CO may not be fully associated.

Model analysis of the CO emission in R Cas

by Morris (1980) also indicates that only 10 per-

cent of C is in CO, assuming solar abundances.

Clearly, accurate CNO photospheric abun-

dances would be very useful in refining the in-

terpretation of observations of the circumstellar

material.



Heavy Atoms

Observations of neutral atoms and ions are

potentially useful in assessing the physical con-

ditions in CS envelopes (e.g., the degree of ion-

ization and the degree of depletion into grains);

they may also play a critical role in the buildup

of molecules in the inner envelope, particularly

in the presence of a warm chromosphere (e.g.,

Clegg et al., 1983a). It is also worth remember-

ing that atoms and ions are the likely ultimate

fate of all gas-phase circumstellar material

(Huggins and Glassgold, 1982a), although they

reach this state in very rarefied conditions of

low column density and are difficult to detect.

A number of studies of optical circumstellar

atomic lines have been made, mainly for earlier

M giants and supergiants (cf. Hagen et al.,

1983, and references therein; Goldberg, this

volume). Lines of neutral and singly ionized

metals are seen in absorption against the stellar

continuum and are blue-shifted relative to pho-

tospheric lines. Analysis of the lines yields col-

umn densities, although the inner radius of the

actual column observed has been a point of

some controversy (see, for example, the review

by Castor, 1981). Most metals observed appear

to be predominantly singly ionized. According

to Hagen et al. (1983), there appears to be no

correlation between the quantities of circum-

stellar dust and atomic gas, although for the

thicker envelopes of cooler stars, it is evident

from the CO surveys that there is some correla-

tion between dust and molecular gas (e.g.,

Knapp, 1985). In t_ Ori, the atomic envelope
has also been observed in the scattered radia-

tion of the KI )_7699 resonance line. The emis-

sion has been imaged by Honeycutt et al. (1980)

and Mauron et al. (1984). It extends out to a

radius of at least 60" and is roughly circularly

symmetric. Honeycutt et al. infer a radial

power law dependence for n(KI) of slope 1.65

___0.2, and Mauron et al. quote 2.5 __+0.8; both
measurements are consistent with an inverse

square power law. In principle, this informa-
tion could be combined with the column den-

sity measurements of c_Ori to constrain detailed

models of the atomic envelope, but this has not

yet been done. Because atomic column densities

have been measured in et Ori and several other

stars with molecular envelopes, the potential ex-

ists for developing a coherent understanding of

these envelopes which include all components.

(See the section Photochemistry.)

Other Observations

Although this discussion has emphasized ob-

servations of the extended expanding envelopes,

the physical structure of the transition region

between the photosphere and the extended en-

velope can affect, and may dominate, the

chemistry of the wind flow. We comment brief-

ly on two factors: chromospheres and shocks.

At least some cool giants and supergiants

possess warm chromospheres, as evidenced by

atomic emission lines and radio continuum

emission. (See Querci and de la Reza, this

volume.) The chromospheres can influence the

outer envelope in at least two ways. First, the

UV emission may dominate that of the central

star and produce a substantial radiation field

in the extended envelope. For ot Ori, for exam-

ple, the UV flux has been measured, and Clegg

et al. (1983a) calculated photodestruction rates

for a number of molecules and neutral atoms.

At 2 stellar radii, these rates are typically 106

faster than in the general interstellar medium,

so that chromospheric radiation will dominate

photoprocesses throughout much of the ex-

panding envelope.

A second effect of chromospheres is that

they will change the inner boundary conditions

of the extended flow. Instead of the high den-

sities, low temperatures, and low-ionization

characteristic of photospheres, the physical

conditions will be completely different and

should affect the processes of molecular asso-

ciation. Unfortunately, as yet, the observations

tell us little about the structure of the outer

chromosphere and the inner wind flow.

Another complication in the transition re-

gion is the observed presence of shock waves.

We briefly mention two striking examples. The

first concerns the late-type carbon star, CIT 6,
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whichCohen(1980)hasobservedoveraperiod
of a fewyears.(SeethesectionHeavy Mole-

cules.) During that time, an optical emission-

line spectrum of H, O I, OII, N II, and S II de-

veloped and then vanished, which Cohen inter-

preted as a shock spectrum produced in regions
in which recent stellar mass loss encountered

the extended envelope. Associated changes in

the continuum are attributed to thermal emis-

sion from dust grains which may have con-

densed from gas ejected during this phase. The

second example concerns the S-type Mira vari-

able, X Cygni, which has been extensively

monitored in the IR by Hinkle et al. (1982).

They find four distinct kinematic components

in the CO absorption spectrum: a pulsating

photosphere, a stationary 800 K shell (which

they estimate to be at 10 stellar radii), an in-

falling component, and an outer expanding

shell. Their overall picture is one in which shock

waves driven through the photosphere build up

the stationary layer, which in turn is the reser-

voir for both the expanding shell and the infall-

ing material. These observations are a sober re-

minder that the physical conditions--and

thereby the chemical processes--which take

place in the inner regions of circumstellar enve-

lopes may be quite complex.

CHEMISTRY

Time-Scale Considerations

An intrinsic difficulty in the theoretical

study of CS envelopes is that the material lost

by the star is carried through regions with

widely differing physical conditions, beginning

with both high density and temperature in the

photosphere and ending with rarefied cool con-

ditions in the far outer envelope. In between,

several dynamical, thermal, and chemical pro-

cesses are operative which would have to be

treated self-consistently in order to have a

proper theory of the mass loss and the associ-

ated properties of the CS envelope. The de-

mand that a broad range of physical phenom-

ena be included makes the theory of the enve-
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lopes challenging as well as interesting. In fact,

nothing like a comprehensive theory has been

attemped thus far, in part because we do not

understand enough about such fundamental

problems as the mechanisms for mass loss and

the formation of dust. Nevertheless, some use-

ful first steps have been made by investigating

simple but general models, such as the thermal

equilibrium and the photochemical models dis-

cussed below.

At this early stage in the theoretical study

of CS chemistry, it has been customary to make

several simplifying assumptions which serve to

isolate the chemistry from other problems. In

particular, one or more of the following distri-

butions are specified a priori: density, velocity,

temperature, and dust. For example, in the fol-

lowing, the discussion is restricted to spherically

symmetric and steady flows, with the gas den-

sity following an inverse square law at large dis-

tances, as described by Equation (6-1). Like-

wise, with a few notable exceptions, dust and

temperature profiles have been specified rather

than calculated consistently together with the

chemistry. Whenever possible, these distribu-

tions are based on observational information,

which is rather limited at this stage.

The chemistry of CS envelopes is basically

time-dependent; this follows from their small

size ( < 1 pc). Most chemical time scales will be-

come larger than the dynamical time scale

somewhere in the shell. We use the following

definition for the dynamical time scale (always

measured in seconds),

ray = r/v = 1 × 109 {_'_'1 ,
\06/

(6-4)

where r and v are measured in units of 1015 cm

and 106 cm s-1. For typical inner and outer

radii of 1015 and 1017 cm and an expansion ve-

locity of 10 km s-1, the dynamical time scale

ranges from 109 to 1011 s, or 30 to 3000 yr.

A qualitative understanding of the time-

dependent nature of CS chemistry is aided by

classifying reactions as one-body, two-body,



three-body,etc.,according to the number p of

reactants. Important examples for CS shells
are:

1. Photo processes--For example,

h v + CO-- C + 0 (G)

2. Ordinary chemical reactions--For ex-

ample,

H + OH -- O + H 2 (k)

e + H + -- H + hv (cO

3. Three-body reactions--For example,

H + H + H -- H 2 + H (K)

e + e + H + -- e + H (3')

The symbols in parentheses are generic rate

constants. This classification is significant

because the various types have very different
rate constants and time scales. If we use:

rch (X) = n(X)] an(X)
dt

as the definition of the chemical time scale for

species X, rch(X ) will be proportional to
r 2(p-1). To illustrate, some examples are:

1. Photo time scale:

rp_ = J(r) + G o K(r) . (6-5)

Here, GIs is the asymptotic rate at the
outside of the shell due to interstellar ra-

diation, J(r) is the shell attenuation factor

to be discussed in the section Photo-

chemistry, G o specifies the rate due to
stellar or CS (e.g., chromospheric) radia-

tion specified at some nominal distance

R 0, and K(r) gives corrections to the in-

verse square dilution factor, including at-

tenuation by the shell. A characteristic

value for G1s is 1 x 10 -l° s -l, so that
photodestruction times in the farthest

outer envelope are of the order of 100 yr.

ot Ori is an example of a star with a

strong UV field, and G O is about 106 ×

Gls at R 0 = 1(14) cm; thus, photode-

struction by chromospheric radiation
dominates its CS shell out to > 3 x 1017

cm.

2. Two-body chemical time scale:

/_-5

rch = 333 r_s e T*/T

V6

1/x _ for destruction,
X _ x/x°x _ for formation.

(6-6)

The reactant abundances have been

denoted by x, x ', and x", with x for the

species whose time scale is of interest and

x' and x" for other species. The rate

constant for the exothermic direction has

been written as k = A exp(-T*/T),

where the preexponential factor usually

depends weakly on temperature T. The

numerical value used in Equation (6-6),

A = 4 x 10-11 cm 3 s-l, is for a relatively
fast neutral reaction. There are three crit-

ical factors in this formula:

a. Expansion of the shell--The r 2 effect

alone boosts the numerical factor to

25 yr at 3 x 1017 cm.

b. Activation energy--If 7* is large, the

exponential makes the chemical time

scale much larger than all others in the

cool outer envelope (i.e., exothermic

reactions with large activation energies

are readily frozen out). Clearly, endo-

thermic reactions will also be frozen

out when T becomes much less than
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G/KB, where G is the free energy of
the reaction.

c. Abundances--The factors l/x' for

destruction and x/x 'x" for production

can also increase the time scale

significantly.

Despite these obstacles, the moderately

high temperatures in the dense inner re-

gions of CS envelopes provide conditions

for chemical activity which are not found

in cool molecular clouds.

Three-body time scale:

As examples, we give the time scales for

the recombination of three H atoms:

4 "6 (6-7)
r(H2) = 8.3 X 1013 sT 314rls

5

and the time scale for three-body recom-

bination of H + with two electrons:

Trl5

r(H +) = 1012s m (6-8)

X2e _g2 5 /

The additional factor of r 2 means that

three-body reactions are only important

close to the star.

The implications of the above time-scale

estimates will be discussed below in the context

of specific models and objects. In general, they

span a large range of values, depending on the

abundances and the activation energies enter-

ing into individual reactions. At this stage, it

is sufficient to note, for example, that the

chemical time scales will be longer than the dy-

namical time scales at large distances, and that

photo time scales can dominate in different

parts of the envelope, depending on the radia-
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tion source (stellar or interstellar) and dilution

and attenuation effects. Therefore, the chem-

istry of CS envelopes is essentially kinetic in

character, rather than steady state.

Thermal Equilibrium Models

Thermal equilibrium represents the simplest

of all models because the results depend only

on temperature, pressure, and elemental abun-

dances-and not at all on the specifics of reac-

tion mechanisms. Underlying the model is the

assumption that the conditions for equilibrium

are met (i.e., that all the relevant reactions are

in detailed balance). Although these conditions

may be expected to be satisfied inside the star,

they will eventually fail as the temperature and

density decrease going away from the star.

As we have seen in the section Time-Scale

Considerations, 7"ch << ray for small r and rch

>> ray for large r. Thus, a freeze-out position

RFo can be defined by the condition that rch

= ray; Rro depends sensitively on species. Less

reactive species (e.g., H 2 and CO) may freeze
out close to the star, whereas radicals may not

freeze out until well into the envelope. Most ap-

plications of the thermal equilibirum model

have been based on the premise that a single

freeze-out location applies to all species, in con-

trast to the more realistic situation in which

each species freezes out at a different place.

A basic limitation in applying the thermal

equilibrium model is the quality of the thermo-
chemical data. For IRC + 10216, for example,

the data required to calculate the abundances

for the most complicated and exotic species do

not exist.

Early comparisons of observations of CS

molecules in IRC + 10216 with thermal equi-

librium calculations were made by Morris

(1975), Ridgway et al. (1976), and Hall and

Ridgway (1978). The last authors, for example,

found that the relative column densities of CO,

C2H2, HCN and CH 4 could be accounted for
by a C-rich supergiant atmosphere with T =
1000 K and n = 1 x 1014 cm -3. A more com-

prehensive application of the model to this

same object was made by McCabe et al. (1979),



whodidequilibriumcalculationsbothwithand
withoutgraphiteformation.Theseauthors
compiledabundancesof adozenCSmolecules
andradicalsfromavailableobservations,and
theyattemptedto findasinglesetof tempera-
tureandpressurevalueswhichwouldgivethe
bestagreementbetweenthethermalequilibrium
modeland the observations.Their best-fit
parameterswereT- 1250Kandn ___-4 ×

1014 cm -3 and required the omission of dust

formation. They obtained a factor of 2 to 5

agreement for eight molecules (relative to CO),

but four others were in serious disagreement (3

to 6 orders of magnitude): CN and NH 3 were
observed to be greatly overabundant, and SiO

and SiS were greatly underabundant. The very

large pressure adopted for the upper atmo-

sphere of IRC + 10216 seems to be inconsis-

tent with our present understanding of the up-

per atmospheres of cool stars.

Thermal equilibrium calculations for IRC +

10216 have been repeated by Lafont et al.

(1982), with improved estimates of abundances

and thermochemical data. They used a broader

criterion for agreement (a factor of 10), consis-

tent with the large uncertainties in these quanti-

ties, and they worked with lower pressures.

However, their overall results are similar to

those of McCabe et al. (1979). Figure 6-1 gives

an example of their results for C/O = 2.

We can summarize the equilibrium model

for IRC + 10216 using the rough abundances

given in Table 6-1 and the equilibrium calcula-
tions discussed above:

1. The simplest C,N,O molecules and hy-

drocarbons:

a. The model works well for CO, C2H 2,

HCN, and CI-I 4.

b. The model fails for NH 3, which is
observed to be overabundant by a

large factor.

2. Sulfur and silicon molecules:

a. CS is somewhat overabundant.

10-2".49
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10-a

iO-IO

10-'2

log p
-.08 .14 .28

q,O

SiS

12 1300 1400 1500

T

Figure 6.1. Thermal equilibrium abundances

calculated for the envelope of lRC + 10216 by

Lafont et al. (1982) assuming C/O = 2.

b. SiS and SiO are underabundant by

very large factors.

3. Chain molecules:

a. HC3N agreement is satisfactory, but

HCsN is grossly overabundant.

b. The thermochemical data base is too

weak to make definitive conclusions

on the other cyanopolyyenes and re-

lated species.

4. Radicals:

a. All radicals are overabundant by large

factors.

b. The worst cases are CN and C2H.
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Another way of stating item 4 is that the ra-

tios of radicals to parent molecules (i.e.,

CN/HCN, C2H/C2H2 , and C3H/HCaN) are

much larger than expected on the basis of ther-

mal equilibrium; this suggests that the radicals

are made by some process directly from their

parents. In conclusion, we find that the simple

thermal equilibrium model (unique choices for

T and p) is consistent with the measured abun-

dances of only the few most abundant

molecules.

Even the limited successes of the thermal

equilibrium model must be viewed with some

skepticism as long as dust formation has been

omitted from the calculations. Although the

most abundant molecules may be frozen out in

the upper atmosphere, as suggested by the

above fits, some of them may participate in the

formation of dust. Otherwise, it is unlikely that

the envelopes would be as dusty as they are.

Certainly, the time scale for a gas molecule to

strike a dust grain, Equation (6-10) below, is

less than the dynamical time scale in the rele-

vant regions, roughly from 1014 to 1015 cm. As

our knowledge of the thermochemical quanti-

fies improves, it would be of interest to develop

the equilibrium model further to include the

formation of dust, as well as more complicated

molecules.

The distribution of atomic and molecular

hydrogen in the upper atmospheres of cool stars

can be studied in detail because the relevant re-

actions are limited and are fairly well under-

stood (Glassgold and Huggins, 1983). As dis-

cussed in the section Observations, molecular

hydrogen has been detected in very cool stars,

but all attempts to detect the 21-cm line of

atomic hydrogen have been unsuccessful thus

far. Molecular hydrogen is a good example of

a molecule which freezes out close to the pho-

tosphere. Figure 6-2 shows the fraction of

atomic hydrogen obtained from equilibrium

calculations in which T and p profiles were

specified by model atmosphere calculations

(Johnson et ai., 1975; Lucy, 1976; the latter

having an expanding wind). The variation in the

physical conditions in the upper stellar atmo-
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sphere changes the H/H 2 ratio by large

amounts. The open circles in the figure indicate

where freeze-out of three-body recombination

occurs according to the time-scale estimate

(Equation (6-7)). This freeze-out ratio provides

the initial condition for calculating any changes

which the hydrogen undergoes in the CS shell,

as will be discussed in the following sections.

Studies of Chemical Reactions

In this section, we discuss the reactions ap-

propriate for describing the chemical evolution

of CS wind material. We consider regions in

which the formation of dust has essentially

ceased, but do not completely ignore the chemi-

cal activity associated with dust. Photopro-

cesses will be discussed in the next section. It

is useful to divide the discussion of CS chemis-

try according to whether the environment is

carbon- or oxygen-rich, and we begin with O-

rich stars.

Goldreich and Scoville (1976) solved the

time-dependent equations for the H20 and

OH system, using only the following reactions:

OH + H- H20 + H ,

OH + H--O + H 2 .

They considered a 1 M o star with a mass-loss

rate of 3 × 10-5 M o yr -1 and a terminal ve-

locity of 20 km s -1. They found that these re-

actions maintained equilibrium abundances out

to 2 x 10 is cm, (where T -- 500 K and n =

1 x 107 cm), beyond which they are frozen.

Scalo and Slavsky (1980) made similar calcula-

tions without including shielding, but extending

the chemistry to include silicon, and generally

underscored the importance of time-dependent

chemistry. These authors have recently com-

pleted a comprehensive study of the chemistry

of O-rich CS envelopes (Slavsky and Scalo,

1984).
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Figure 6-2. Thermal equilibrium abundance of atomic hydrogen calculated by Glassgold and Hug-

gins (1983) for the atmospheres of (a) O-rich and (b) C-rich stars for several photospheric temperatures.

The heavy lines trace the variation starting from the photosphere in the upper right; the open circles

show where freeze-out occurs. The other curves are isobars labeled by log p.

A similar position was taken by Jameson

and Williams (1981), who solved a restricted

system of rate equations appropriate for the

study of interstellar carbon and oxygen chem-

istry: molecules are formed by ion-molecule re-

actions (H- for H2), radiative association, and
neutral reactions and are destroyed by ion-

molecule reactions; the ions are produced by

cosmic rays. The initial condition was that all

species were dissociated and ionized; solar
abundances were assumed. Jameson and

Williams showed that this plasma quickly

recombined and that substantial molecular syn-

thesis occurred before freeze-out, depending on

the initial density. Rather different abundances
would have been obtained if the initial condi-

tions had been appropriate for cool stars. On

the other hand, such plasma might result from

chromospheric conditions.

Clegg et al. (1983a) extended the chemical

analysis of Scalo and Slavsky (1980) by includ-

ing the H-H 2 and the C+-C-CO systems, as
well as by incorporating reactions to describe

the oxygen and silicon compounds expected for

O-rich envelopes. They used the density pro-

file for an expanding wind and carried out

steady-state calculations for a particular tem-

perature profile: T = 1000 K for r in the range

2 to 5 R,, and decreasing as 1/r for r in the

range 5 to 30 R, (the calculation is cut off at

this point); dust formation is ignored. Solar

abundances are used, and although the results

are intended to apply to a variety of O-rich en-

velopes, ct Ori is used as an example with R.

= 7 x 1013cm,._/= 2 x 10 -6M® yr -l,and

v = 1 km s-1. Most important, Clegg et al.

calculate the rates for photoionization and pho-

todissociation by the chromospheric UV radia-

tion field of ot Ori for H-, the heavy elements

Mg, S, Na, and Ca, and oxygen- and silicon-

bearing molecules. The rates are typically 106

larger than those familiar from the interstellar

medium, and these large values are confirmed

by independent calculations by Bernat (1976)
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and ourselves. Such strong photodestruction

greatly inhibits molecule formation, although

it still occurs at a reduced level. Of course, stars

without strong chromospheres will have shells

which are more conducive to the formation of

molecules. In the presence of a strong radia-

tion field, the temperature profile adopted by

Clegg et al. is inappropriate (i.e., chromo-

spheric temperatures are considerably larger

than 1000 K). Finally, Clegg et al. find that the

use of steady abundances is justified in many

cases, but an important exception is the H-H 2

system.

One of the most important questions relat-

ing to the silicon chemistry is the rather low

abundance of SiO deduced from nonmaser mi-

crowave emission, as discussed in the section

Heavy Molecules. Scalo and Slavsky (1980) sug-

gested that destruction by chromospheric UV

radiation might be an alternative to the more

obvious explanation that the silicon is mainly

condensed into dust. They assumed that silicon

entered the CS shell of a Ori in the form of

atoms, and then showed that relatively little SiO

was formed by reactions with OH (produced

by photodissociation of H20). The work of

Clegg et al. (1983a) supports this, and they cal-

culate correctly that the appropriate form for

most of the gaseous silicon is Si +. Practically

nothing is known about the photodissociation

of SiO, and Clegg et al. estimate that the rate

is the same as that of CO (which is not well un-

derstood either). The conclusion that stars with

chromospheres have low SiO abundances is

fairly independent of this rate; moreover, it

could be tested by observations to detect chro-

mospheric activity.

No solutions are available for systems of

chemical reactions appropriate to C-rich stars.

It is generally accepted, on the basis of compar-

ing the chemical and dynamical time scales

(Equations (6-4) and (6-6)), that fast reactions

with small activation energies can operate far

out in the shells. Certainly radicals, which are

either emitted by the star or produced by photo-

dissociation, will participate in such chemical

activity--and this holds for O-rich and C-rich

shells. A general survey of chemical processes
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in C-rich stars has been given by Lafont et al.

(1982). They pointed out that chemical reac-

tions with radicals R of the type:

R + C2nH2 -- RC2nH + H , (6-9)

which have recently been discussed in the con-

text of Titan's atmosphere (Allen et al., 1980),

may also be relevant for CS chemistry. The

measured rate constant in the case of R =

C2H and n = 1 (acetylene) is large (k = 3 ×
10-11 cm 3 s-l), and the activation energy is

probably small. Reactions of this type provide

the means for synthesizing acetylene and cyano-

acetylene chains. For example, the following re-

actions could produce HC3N:

C2H + HCN -- HC3N +H ,

CN + C2H 2 -- HC3N + H .

Although we are not aware of any measurement

of the first reaction, the rate for the reaction

of CN with acetylene into all possible channels
has been measured to be 5 x 10 -11 cm 3 s-l

(Schacke et al., 1977); branching to C3N is

likely.

We have also analyzed some of the reactions

that might be operative in C-rich CS envelopes.

The ion C2H 2, produced by photoionization

of acetylene, may be an important progenitor

of ion-molecule hydrocarbon reactions which

lead to chain molecules. Two examples of reac-

tions in which the measured rate constants are

large are:

C2H2 + C2H 2 -- C4H_ + H 2 ,

k = 5 × 10-1° cm 3 S-1 ,

C2H 2 + HCN -- H2C3N+ + H ,

k = 1.2 × 10 -l°cm 3s -1

These reactions lead to C4H and HC3N by dis-
sociative recombination of the ions with elec-

trons. Thus, there are promising leads to inves-

tigate, but their analysis may not be simple.



Firstof all,importantgapsexistinourinfor-
mationonratesforchemicalreactions.Second,
manyspeciesmustbe consideredsimulta-
neously,andthereactionnetworkmustinclude
agoodtheoryof the ionizationof theshell.
Finally,thechemistrymustbeformulatedin
termsof differentialequationsinorderto fol-
low the intrinsic time dependenceof the
chemistry.

Untilnow,wehavefocusedonreactionsin
thegasphase.Evenin regionsinwhichthefor-
mationof dusthasessentiallyceased,thedust
couldbechemicallyactive.Furthermore,there
maybenosharpdemarcationbetweenregions
with andwithoutdust formation.In grain
chemistry,theshortesttimescaleisthatforcol-
lisionsofatomsandmoleculeswithdustparti-
cles,usingthe geometriccrosssection.We
makearoughestimateusingthepropertiesof
interstellardustasdeterminedfromextinction
studiesandmeasuringgraincrosssectionsin
unitsof 10-21cm2(thecolumndensity2 x
1021cm-2for onemagnitudeof visibleextinc-
tioncorrespondsto a crosssectionof 0.5 x
10-21cm2):

2 (UI_I_ _r_21) , (6-10)_gr -----3.3 X 107 rl5 5

where Uis the ratio of the gas expansion veloc-

ity to the gas/grain relative (or drift) velocity.

For sufficiently large mass-loss rate, grain area,

and relative velocity, this time scale can be

smaller than the dynamical time scale in the in-

ner part of a CS dust shell. On the other hand,

Equation (6-10) indicates that any grain chemis-

try will freeze out in the outer envelope. (This

discussion completely omits the difficult ques-

tions of the probabilities for sticking and subse-

quent chemical activity, whose consideration

would certainly lead to time scales longer than

those given by Equation (6-10).)

The collision of the gas and dust can lead

to both the formation and the destruction of

molecules and to the incorporation of gaseous

species into the dust particles. Little is known

about these processes in general, but it is almost

certain that they are specific to the dust surface

and incident species. Lafont et al. (1982) believe

that the most likely grain reaction is the pro-

duction of CH 4 and C2H 4 following the stick-
ing of H atoms. They also suggest that radicals

such as CN and C2H are almost certain to
react on striking a dust grain. A large fraction

of these particular radicals may be produced,

however, by photodissociation farther out in

the shell where the probability for hitting a

grain is negligible.

Glassgold and Huggins (1983) discussed the

possibility that the warm grains in the inner en-

velope catalyze the formation of H 2 following
H chemisorption, whereas Lafont et al. (1982)

consider it very unlikely that any strongly

bound molecule can be synthesized on CS

grains. In view of our ignorance about almost

all physical and chemical properties of CS

grains, the question of catalysis in the inner part

of the envelope (but after the dust has already

been formed) must be left open.

We conclude this discussion of chemical re-

actions with some remarks on shocks. Shock

phenomena are common in the interstellar me-

dium because there are many ways to generate

supersonic velocities (e.g., supernova remnants,

winds from young stellar objects, collisions be-

tween clouds, etc.). The shocks are important

for the transfer of energy and momentum and

for the emissivity and chemical composition of

the interstellar gas. (See the reviews by McKee

and Hollenbach, 1980; and Hollenbach, 1982.)

If shocks are present in CS shells, they may play

important analogous roles in affecting the phys-

ical properties of these envelopes.

Shocks in CS shells have been discussed pri-

marily in the context of the origin of the mass

loss (e.g., Willson, 1976; Willson and Hill,

1979; Wood, 1979). In these calculations, stellar

pulsations drive shocks into the atmosphere,

which leads to mass loss. The observational evi-

dence for shocks in X Cygni obtained by Hinkle

et al. (1982) supports this general picture. How-

ever, there have been no theoretical studies of

the thermal and chemical effects of shocks

propagating through CS envelopes. Judging

from the theory of interstellar shocks, we might
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expectthattheresulting enhancements in den-

sity and temperature would promote both

chemical activity and the excitation of charac-

teristic line radiation--potentially useful for di-

agnostic purposes. Very likely the ratio of rad-

icals to parent molecules would be enhanced.

The detailed predictions should depend on the

velocity of the shock and on the density of the

ambient shell (i.e., on mass-loss rate). Calcula-

tions of shocks in CS shells should prove to be

quite illuminating.

Photochemistry

Photodestruction is important because it sig-

nificantly affects the chemical composition of

the CS wind. The radiation may be either exter-

nal (e.g., the interstellar radiation field) or from

the star itself. Most of this section will deal with

the first situation; some effects of chromo-

spheric radiation have already been mentioned

in the foregoing section, Studies of Chemical

Reactions.

The photodestruction process for a species

in an expanding wind can be characterized by

two parameters, the mean distance it travels (ig-

noring absorption) before being destroyed by

radiation, VTph, and the absorption length, d.
The simplest case is the ambient interstellar ra-

diation field, where r h = 1/GIs" Because Gtsp
ranges from 10-11 to 10 -9 s-1, molecules which

are easily destroyed by radiation would survive

only to 1015 cm in an unshielded shell, whereas

molecules which are difficult to destroy would

survive out to -1017 cm. The radial depen-

dence of the abundance is exp(-rG is/ V), but

when shielding is present, the molecules survive

longer and the radial dependence for thick

shells becomes exp(-d/r). The shielding

distance, d, depends on the molecule in ques-

tion because the cross sections for dissociation

and absorption are sensitive functions of

wavelength.

These qualitative considerations have been

investigated by solving rate equations appropri-

ate for an expanding envelope. For a species,

X, with abundance relative to the total density
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of hydrogen x = n(X)/n, the equation in a co-

moving frame is:

a
x = -G (r(t))x + P(r(t)) , (6-11)

at

where r(t) locates a fluid element at time t (i.e.,

1'(0 = v(r(t)) where v(r) is the specified velocity

profile), and G and P are destruction and pro-

duction rates. The simplest example is the solu-

tion for the case P = 0 and destruction by in-

terstellar radiation is shielded exponentially.

That is,

G(r) = J(r)G_s , (6-12)

J(r) = exp(-d/r) . (6-13)

The exact solution (Huggins and Glassgold,

1982a) for constant v = V is:

x(r) = xo [exp -(rG1s/V) E 2 (d/r)] , (6-14)

where E 2 is a standard exponential integral. It

has also been possible to obtain an exact

solution for a "photodissociation chain," at

which the products of photodissociation are

themselves destroyed by radiation (e.g., C2H 2

-- C2H -- C 2 -- C -- C+); Figure 6-3 shows
this chain as calculated for IRC + 10216. The

solution (Equation (6-14)) was obtained inde-

pendently by Jura and Morris (1981), using a

different technique.

From the above discussion, we see that the

radial distributions of progenitor and fragment

species are determined by the "free" photodis-

sociation rates for a given radiation field, such

as the mean interstellar field, and by the opti-

cal properties of CS material at wavelengths at

which the CS species are destroyed by radia-

tion. It is therefore important to discuss how

well these quantities are known before apply-

ing the photochemical model to observations

of CS shells.

Reasonably good information is available

on the photodissociation cross sections for the



most stable molecules injected into CS enve-

lopes (e.g., H20, C2H 2, HCN, and CH4); two
notable exceptions are CO and SiO. Improved

far-UV absorption cross sections have recently

become available for CO through the use of

synchrotron radiation sources, and it seems

likely that, with new instrumentation, better in-

formation on the photodissociation process will

become available in the next few years. Of

course, much less is known about radicals, but

here the level of theoretical effort has been in-

creasing. It should be noted that great accuracy

is not required in considerations of CS photo-

chemistry, especially for the products of molec-

ular breakup. Certainly, at this stage we have

the essential information, which is the relative

values of the important rates. Thus, our posi-

tion is that the unshielded rates can be consid-

ered as known relative to other uncertainties in

the problem.

0.0
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Figure 6.3. The C2H 2 photodestruction chatn
calculated for envelope parameters typical of

IRC + 10216 (Huggins and Glassgold, 1982a).

The situation with regard to the optical

properties of CS material is just the opposite.

Here, dust grains play an important role, and

we know essentially nothing about the far-UV
extinction and albedo of CS dust. For certain

species (e.g., CO, C, and S), the wavelength re-

gion below 1100/_ is critical. We conclude that

determining the optical properties of the CS

dust becomes one of the objectives of studying

the spatial distribution of the molecules. In or-

der to progress, we must begin with some model

for the dust, and our initial choice has been to

assume that the CS dust has the same optical

properties as interstellar dust. The status of this

first-order assumption will be discussed be-

low in the context of IRC + 10216 (see also

Lef_vre, this volume, and Sopka et al., 1985).

The far-UV radiation is absorbed in the en-

velope by atoms and molecules with large ab-

sorption cross sections and abundances (i.e.,

H 2, C, CO (and H20 for O-rich shells)), as
well as by dust. Although a detailed discussion

of these shielding problems would be inappro-

priate here, they do have a quantitative effect

on molecular distributions, as will be discussed

below for the case of CO.

When the optical properties and spatial dis-
tribution of all the absorbers have been

specified, the attenuation factor in Equation

(6-12) must be calculated by solving the equa-

tion of transfer. At this stage, it is appropriate

to use approximate solutions (e.g., the closed

forms given by Gerola and Glassgold, 1978).

If dust attenuation dominates, this approxima-

tion reduces to the simple exponential form,

Equation (6-13), for thick shells with the shield-

ing length given by

d = C/N_. (6-15)

Here N_ is the column density of hydrogen
which produces unit optical depth (assuming

the same dust-to-gas ratio as the interstellar

medium), and C is the parameter which

specified the density in Equation (6-2). This

length depends on species; for CO, d = 6 x

1016 cm i_l_JV 6.

The case of CO deserves special mention.

First, recall that dust can provide substantial

shielding of CO. Using Equations (6-13) and

(6-15), we can express the attenuation factor as:

J(r) = exp [-N_/N(r)] , (6-16)

where the outside column density, N(r) = C/r,

is measured from infinity to position r; in this
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case,N h = 5 × 1020 cm -2. There are two
kinds of self-shielding to consider, depending

on whether CO photodissociation proceeds by

way of line absorption followed by breakup or

whether it is directly dissociated with a

smoothly varying cross section. Until recently,

continuum dissociation was believed to domi-

nate, in which case Equation (6-16) would still

apply, but Nsh would be replaced by a con-
stant times N(CO), the column density of CO.

This has the effect of steepening the rise in the

CO abundance going into the envelope, because

x(CO) is proportional to 1/J. We also see that

self-shielding introduces a nonlinearity into the

calculation of the abundance of CO. If CO

photodissociation is basically a line process,

which seems likely (Glassgold et al., 1985), then

the CO abundance curve is changed for the

cross section, assumes larger values than in the

continuum case, and the radiation transport is

modified. Figure 6-4 (from Morris and Jura,

1983a) shows how the different kinds of shield-

ing operate on the CO density profile for IRC

+ 10216. Curves C and Nrefer to no dissocia-

tion (constant abundance) and no shielding, re-

spectively; the intermediate cases are D for dust

only and n = 2, 5, and 10 lines producing self-

shielding. Morris and Jura suggested that the

large spatial extent of CO in IRC + 10216

might be explained by line self-shielding.

In the recent calculations with the photo-

chemical model, recombination of ions has

been included, as well as photoprocesses. For

example, C + is the eventual dominant form of

carbon toward the outside of the shell, just as

in the interstellar medium. In order to obtain

a quantitatively correct treatment of the tran-

sition from C to C + and to obtain the proper

asymptotic C/C + ratio, recombination must
be included. The other situation in which re-

combination is important is that in which mo-

lecular ions are produced by photoionization

(i.e., both C2H2+ and C2H are obtained when

UV photons are absorbed by acetylene). In such

cases, dissociative recombination into various

radicals occurs rapidly, and it is sufficient to

reexpress this sequence in terms of renormalized

photo rates (Huggins and Glassgold, 1982a).

I I i

16 17 18

log r(cm)

Figure 6-4. The effect of shielding on the CO

density in the envelope of IRC + 10216 (Mor-
ris and Jura, 1983a). Curves C and N refer to

no dissociation (constant abundance) and no

shielding, respectively; the intermediate cases

are D for dust only and n = 2,5,10 lines pro-

ducing self-shielding.

The photodestruction of molecular hydro-

gen in CS envelopes has been discussed by

Zuckerman et al. (1980) and Morris and Jura

(1983a), as well as by Glassgold and Huggins

(1983), whose treatment we follow here. As dis-

cussed in the sections Thermal Equilibrium

Models and Studies of Chemical Reactions, the

chemical evolution of the H/H E ratio can be

traced from the photosphere to the outer enve-

lope. If there is no warm grain formation of

H E in the inner envelope, this ratio is deter-
mined by freeze-out in the upper atmosphere

of the star. Present stellar atmospheres suggest

that, for stars with T, > 2500 K, the frozen

outflowing hydrogen will be mainly atomic. For

cooler stars, the question then becomes how

much of the atomic H in the outer envelope is

due to the low level initially frozen out and how

much arises from that photodissociation. A
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small amount of H is also produced by the pho-

todestruction of the most abundant hydrocar-

bons in C-rich envelopes (Lafont et al., 1982)

and from H20 for O-rich shells.
The radial distribution of H has been de-

rived from a time-dependent theory of H 2

photodissociation (by way of the Lyman band

lines) appropriate for an expanding shell with

dust. In the interior of the shell, the solution

is similiar to that given for heavy molecules in

Equation (6-14). That is,

f(r) = f(R o)
(6-17)

exp (-a[E3/2(d/r) - E3/2 (d/R)]) ,

where a = (d GIs(H2)IV) [dM/C] 1/2 and M =
6.7 x 1011 cm -2. For r >> d, the exponential

in Equation (6-16) varies as r 3/2. At the edge

of the shell, there is a very sharp transition to

complete dissociation. The spatial distribution

of atomic H is illustrated in Figure 6-5, for

which the initial value was assumed to be zero.

We complete this discussion of CS photo-

chemistry with some examples. We first con-

sider the heavy molecules in the C-rich enve-

lope, IRC + 10216. We begin with the idea that

IRC + 10216 has no strong internal source of

UV radiation, or if it does, it is well shielded

from the bulk of the envelope. We use observa-

tions to specify the most abundant species en-

tering the outer envelope and consider how they

are altered by photoprocesses initiated by UV

radiation penetrating from the outside. The re-

maining species will be similarly modified, but

other chemical processes will also be important

in these cases.

We consider those radicals (e.g., CN and

C2H ) whose observed abundances are not
reduced much from their likely progenitors

(HCN and C2H2, respectively). Because both

progenitors are observed to be abundant in the

inner envelope (from IR absorption measure-

ments), it is natural to investigate whether the

radicals can be the result of photoproduction.

This question can be pursued in some detail for

the HCN-CN system because both species have

been well observed in IRC + 10216. For C2H 2

and C2H, the data are less extensive, and addi-

tional processes (e.g. reactions involving

C2H2+ as mentioned in the section Studies of

Chemical Reactions) may be operative.

The photochemical model has been applied

to IRC + 10216 by a number of authors, in-

cluding Wootten et al. (1982) and Jura (1983a)

in the context of the HCN-CN problem and by

Huggins et al. (1984b) for both the CN and

C2H problems. Figure 6-6 shows the CN N =
1-0 and N = 2-1 line shapes for the Kitt Peak

(66'9 and Owens Valley (30'9 beams, as cal-

culated by the last authors. The symbol C in-

dicates calculations for the best fit to the 1-0

peak line intensity observed with the Kitt Peak

beam, using a constant abundance of 1.3(-6).

Curves with S are based on the photochemical

model and thus have variable HCN and CN

abundances; S stands for standard (interstellar)

dust, whereas S/3 and SX3 stand for dust

which gives three times less and three times

more extinction. Equally acceptable fits to the

1-0 data can be obtained with both the constant

and photoproduction models, but the constant

abundance model fails to fit the roughly flat-

topped 2 K line observed at Owens Valley. The

70" map size observed at Owens Valley cannot

be explained by a constant abundance, but a

variable abundance model with an opacity 1 to

3 times standard agrees with all of the

measurements.

A similar conclusion about the dust in IRC

+ 10216 was reached by Jura (1983a) by apply-

ing the photochemical model to the spatial

distribution of HCN as measured by Olofsson

et al. (1982a) and Welch et al. (1981). Thus, the

observed properties of the HCN-CN system in

IRC + 10216 are consistent with the photo-

chemical model. The more limited information

on CEH can be reproduced by either a constant
or variable abundance model. The above dis-

cussion suggests that important information

can be obtained about CS dust by detailed fit-

ting with the photochemical model. High-reso-

lution studies of CS shells are also seen to be

required to provide useful comparisons.

313



-I

-2

-3

-4

x -5

O

-6

-7

-9

i ! I l

UNSHIELDED

/
I I I I

Rm=3x lOlScm

Rm= Ix lOlTcm

Rm=3XlOlTcm

Y
Rm- 6xlOI

-Z

2 "3t

17.40 17.50 R m

logr (¢rn)

i I t i I I , , , , I , , ,
16.5 17.0 17.5

log r (cm)

Figure 6-5. The amount of atomic hydrogen produced by the photodis-

sociation of molecular hydrogen from the calculations of Glassgold and

Huggins (1983). Three different stages of the evolution of an envelope

are shown: t = 600, 1800, and 6000 yr or outer radii R m = 0.3, 1.0,
and 3.0 × 1017 cm. The parmeters have been chosen to correspond to

IRC + 10216. The H ! abundance at each stage consists of the heavy

solid curve for r < R m plus the vertical line at r = R m. The insert shows

that the transition to x(H I) = 1 at R m is no_.._tdiscontinuous.

We conclude this discussion of IRC +

10216 with some brief remarks on atomic and

molecular hydrogen. Molecular hydrogen has

been detected by IR absorption in several very

cool stars, but not in IRC + 10216. The obser-

vations are consistent with the conclusions of

the discussion in the section Thermal Equi-

librium Models, based on the variation of the

H/H 2 ratio in the upper atmospheres of cool
stars. A more definitive conclusion requires the

calculation of the absorption-line profiles, and

not just the abundances. Johnson et al. (1983)

have suggested that H 2 has not been observed
in some stars with effective temperatures some-

what above 2500 K because they may have

chromospheres.

The fact that the 21-cm line has not yet been

detected in CS shells is probably consistent with

currently available sensitivity. In IRC + 10216,

the upper limit in the column density of 6 x

314



t--

I 1

CN (N : I-0)

66" beam

S and

v

I-

(al
I

15
I 0

-15 0 -15 0 15

AV (km s -I) AV (km s-')

I I I

CN (N =2-1 )

30" beam

S/3

Figure 6-6. Photochemical model on-source line profiles for: (a) N = 1-0 and (b) N = 2-1 transitions

for the CN radical (Huggins et ai., 1984b) adapted to the Kitt Peak National Radio Astronomy Obser-

vatory and Owens Valley Radio Observatory beams, respectively. Curves C are for a constant abun-

dance 1.3 x 10 -6 S for a "standard" set of model parameters, and S/3 and SX3 for dust shielding

three times less and three times more effective than standard. The observations are fit best by a variable
abundance model similar to the SX3 curves.

10 TM cm -2 determined by Zuckerman et al.

(1980) corresponds to an upper limit to the

H I mass of 1.1 x 1031 g, using a distance of

290 pc. Table 6-2 gives the H I contributions

expected from the different regions of the star

and its CS shell (Glassgold and Huggins, 1983).

The total amount of H I produced by photodis-

sociation is 4 × 1029 g, well below the current

observed upper limit. On the other hand, the

small fractional abundance of atomic H inject-

ed into the envelope after freeze-out gives

roughly 1 x 1031 g, about the observational

limit. Of course, the theoretical estimate is un-

certain because of the limitations in stellar

atmosphere calculations, but new higher sensi-

tivity searches for H I in IRC + 10216 are

called for.

Much less is known about molecular abun-

dances in O-rich stars. As discussed in the sec-

tion Observations, the CO measurements have

been used to determine mass-loss rates for O-

rich and C-rich stars on the assumption of solar

abundances. We have already discussed the sig-

nificance of the low SiO abundances in the sec-

tion Studies of Chemical Reactions (i.e., most

of the silicon is probably incorporated into

grains). As for detailed studies of the spatial

distribution of molecules in O-rich shells, the

main body of information consists of interfer-

ometer studies of the OH masing regions.

Unfortunately, the OH maser maps are not

directly interpretable into abundance informa-

tion because of the complexities of the maser

emission mechanism. However, the maser mod-

els require a substantial OH abundance in the

emitting regions. To account for this, Goldreich

and Scoville (1976) have proposed that the OH

is produced from the photodestruction of

H20 , and further studies of this model have
been made by Deguchi (1982) and Huggins and

Glassgold (1982b). Because the size of the H20
distribution is determined by the amount of

shielding and the photoproduced OH is distrib-

uted in a shell about the HE0, the photo
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Table 6-2

Sources of Atomic Hydrogen in IRC + 10216

Photosphere 2.1 (29) g

Injected into envelope - 1 (31)

H 2 photodissociation in shell 1.5 (29)
interior

H2 photodissociation at shell 1.9 (29)
surface

Photodissociation of hydrocarbons - 2 (28)

Total from photodissociation 4 (29)

Upper limit of Zuckerman et al. 1.1 (31)

(1980)

model predicts a specific correlation between

the size of the OH shell and mass-loss rate. The

observed maser map sizes correlate with mass-

loss rate, as was noticed first by Bowers et al.

(1981), and to that extent are supportive of the

models. Deguchi has argued that destruction of

H20 molecules in collisions with grains, a

possible alternative source of OH production,

is probably unimportant.

Morris and Jura (1983b) have developed an

interesting variation in the photochemical

model for the unusual OH/IR supergiant,

NML Cygnus. They explain the observed axi-

ally symmetric radio continuum emission (Hab-

ing et al., 1982) in terms of the ionizing radia-

tion from the nearby Cyg OB association. Jura

(1983b) has also considered dust and self-

shielding of anisotropic molecular outflows.

The case of et Ori holds particular interest

because of the large and diverse body of data

which exists on its circumstellar envelope. A co-

herent theoretical treatment of the observations

does not exist, however, and we focus on a few

issues relating to the photochemistry of its outer

envelope.

As discussed in the section Observations,

CO is the only molecule detected in this CS en-

velope. Its IR absorption occurs at two veloci-

ties, 10 and 16 km s-l; the weak 1.3 mm (J =

2-1) emission is at the higher velocity and seems
to be confined to within 10" (i.e., 3 x 1016 cm

if the distance is taken to be 200 pc). On the
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other hand, scattered K I resonance radiation

and polarized light are observed much farther

out, 60" and 90", respectively. The dust shell,

which appears to begin at about 10 R., or 8 x

1014 cm, appears to be rather thin, producing

a weak silicate feature and no more than a few

tenths of a magnitude of visual extinction.

Among the various atomic lines observed in this

star, the radial profile of scattered K I radia-

tion (see the section Heavy Atoms) appears to

have significant potential for understanding the

outer shell.

Jura and Morris (1981) made the first seri-

ous attempt to utilize the information in the CO

emission-line profile and the distribution of the

scattered K I line radiation. They solved time-

dependent rate equations for these two species,

which they linked in an interesting way. In their

theory, the abundance of K I is determined by

photoionization by interstellar UV radiation

and by radiative recombination. The electrons

are assumed to come primarily from the photo-

ionization of C, with the fractional contribu-

tion from other heavy elements restricted to be

1 × 10 -6. The photochemical model enters in

that the C comes from the photodissociation

of CO. Jura and Morris determined the mass-

loss rate of ot Ori to be 1.5 x 10 -SM o yr -1

from the K I distribution and the assumption

that the abundance of potassium is solar. From

the CO emission, they determined the abun-

dance of carbon to be 1.25 × 10-5, assuming

that all the carbon is in CO.

This attractive theory may serve as the first

step in a more general approach to understand-

ing the tx Ori shell. The effects of the chrom-

ospheric radiation will have to be included be-

cause, in many cases, photo rates calculated at

the photosphere are -10 6 larger than those

for the interstellar radiation field. The chemical

reactions investigated by Clegg et al. (1983a) are

also relevant, and time-dependent calculations

are required in some cases. Consideration

should also be given to the atomic column den-

sities (e.g., as measured by Hagen, 1978; and

Bernat, 1977), which provide important infor-

mation on the ionization and gaseous

abundances.



CONCLUSIONS

The foregoing discussion shows that the

study of the outer envelopes of cool evolved

stars has become an active area of research.

Observations at many wavelength bands are rel-

evant-from the ultraviolet to the radio, al-

though infrared and millimeter-wave techniques

are especially useful. Future investigations with

new high-resolution methods (both spatial and

spectral) should be particularly significant for

understanding these small, but now resolvable,

structures. Although relatively little theoretical

research has been done thus far, a number of

interesting initiatives have been made.

Extensive observations of specific objects

should be particularly useful for the develop-

ment of theoretical models, as exemplified by

the case of IRC + 10216. In the future, it will

be important to obtain equally detailed infor-
mation for other C-rich stars and for O-rich

stars as well: IRC + 10216 has attracted most

of the theoretical attention thus far, but per-

haps it is not as typical as usually believed.
Recent theoretical considerations show that

the thermal equilibrium model is of limited use

for understanding the chemistry of the outer CS

envelopes. Indeed, their small sizes and mod-

erate expansion velocities indicate that time-

dependent considerations dominate this sub-

ject. At the present time, we only have the

results of time-dependent chemical studies for

situations in which photodestruction of atoms

and molecules dominate particle reactions. One

clear result of the photochemical models is that

molecules cannot survive very long after they

reach the outer edges of isolated CS envelopes,

even if they are quite thick. In other words, in-

terstellar molecules must be produced locally

within clouds because CS molecules will be de-

stroyed within envelopes embedded in an ultra-

violet radiation field. This is in contrast to dust

grains, which are able to survive passage

through CS envelopes. The possibility also ex-

ists that sufficiently detailed measurements of

gas-phase species in circumstellar envelopes

could provide some insights into the formation

of the CS dust. Finally, the theoretical model-

ing of the chemistry of CS envelopes provides

quantitative tests of chemical concepts which

have a broader interest than the envelopes

themselves. In certain cases, the observations

confirm the density and velocity profiles char-

acteristic of a constant and spherically sym-

metric mass loss, so that the physical and chem-

ical problems can be investigated with known

flow conditions. Such situations rarely occur

in the study of interstellar chemistry, so that,

in a sense, CS envelopes provide a better con-

trolled chemical laboratory than interstellar

clouds.
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NOTE ADDED IN PROOF

Since the review was completed in 1984,

there have been a number of new observations

and theoretical investigations of circumstellar

chemistry. We mention briefly here some of the

main results.

In IRC + 10216, a second ring molecule

Call 2 has been added to the list of detected
species (Matthews and Irvine, 1985; Thaddeus

et al., 1986); a new free radical has also been

found (Guelin et al., 1986), but the exact car-

rier of the lines has not been identified. Obser-

vations of CRL 2688 with the new 30-m IRAM

telescope (Lucas et al., 1986) have shown that

lines previously seen only in IRC + 10216 can
now be detected in other CSEs so that the

detailed intercomparison of the chemistry of

different objects is now a real possibility. One

main theoretical development of carbon-rich

envelopes has been the exploration of the role

of atomic and molecular ions by Nejad et al.

(1984) and Glassgold et al. (1986). The latter

have developed a model for the distribution of
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molecular ions in IRC + 10216 which is con-

sistent with new limits on the abundance of

HCO + reported by Lucas et al. (1986). Jura

and Morris (1985) have investigated the conden-

sation of molecules onto the dust in the

outflowing winds.

In oxygen-rich stars, both SO 2 (Lucas et

al., 1986) and HCN have been detected

(Deguchi and Goldsmith, 1986), so for these

objects, the number of observed species is

beginning to approach a level where quan-

titative comparison with theory becomes in-

teresting. In the CSE of ct Ori, CO in the CSE

(Huggins, 1985) and C/H in the photosphere

(Lambert et al., 1984) have been reevaluated:

C appears to normal in the photosphere, and

CO is probably underassociated in the

envelope. The role of chromospheric radiation

has been discussed by Glassgold and Huggins

(1986), and their model gives a satisfactory ac-

count of the available KI scattering data.

It seems clear from these latest developments

that rapid progress can be expected in many

areas of circumstellar chemistry in the next few

years.
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